5) . Moreover, the amounts of low sulfur kerosene available for mixing with diesel are limited in Japan, in contrast to the EU and the US, because of the high domestic demand for kerosene ( Table 2 5) ). Therefore, efficient HDS technology is essential to economically produce ultra-low sulfur diesel in Japan.
In particular, the development of technology for ultradeep HDS to remove most of the sulfur compounds (more than 99.9 of the sulfur content) in the diesel feedstocks will become extremely important. This processing can be achieved by major reconstruction of the diesel hydrotreater to allow higher hydrogen pressure and/or lower liquid hourly space velocity (LHSV). However, this reconstruction requires enormous capital investment in equipment and the additional reactor adds incremental operating cost and increased turnaround cost.
On the other hand, refractory sulfur compounds such as 4,6-dimethyldibenzothiophene (4,6-DMDBT) contained in straight-run light gas oil (SRLGO) have predominantly higher boiling points. Therefore, reducing the fi nal boiling point of the streams to cut off the highest boiling point materials can reduce the diffi culty of the HDS process. As shown in Fig. 2 , if the final boiling point is decreased from 365 C to 320 C, HDS effi ciency increases about three times. That is to say, undercutting of the feed can remove most of the refractory sulfur compounds and make desulfurization easier to the ultra-low sulfur level. However, such a lower boiling point cut decreases diesel yields by more than 30 . The demand-and-supply balance is greatly affected because the production of diesel and kerosene decreases, and production planning faces great problems.
The requirements for diesel quality must be achieved with minimum capital investment and lowest operating costs. Therefore, improvement of HDS catalyst activity is expected to be the most important approach to producing ULSD in existing medium pressure diesel hydrotreaters designed to produce 500-ppm sulfur diesel fuels. Figure 3 depicts the degree of diffi culty for achieving ultra-low sulfur levels. The reactor volume must be tripled to cope with the proposed legislation using a conventional CoMo HDS catalyst designed to yield 500-ppm sulfur. In other words, a catalyst with three times more activity than the conventional catalyst is necessary to satisfy the stricter legislation on sulfur with existing conventional diesel hydrotreaters.
Catalytic Activity Required for Ultra-deep HDS
Processes to meet the sulfur specifi cations for ULSD fuels depend on the nature of the sulfur compounds found in the diesel feedstock. Figure 4 shows the sulfur compound distributions in SRLGO at various product sulfur levels before and after HDS with a conventional CoMoP/Al2O3 catalyst measured using a gas chromatograph (GC) equipped with an atomic emission detector (AED) 6) . Feedstock contains a large variety of different sulfur compounds, including benzothiophene, alkylbenzothiophenes, dibenzothiophene, and mono-, di-, and trialkyldibenzothiophenes. The reactivities of these species signifi cantly differ. In particular, desulfurizing to ultra-low sulfur level causes benzothiophene, alkylbenzothiophenes and dibenzothiophene to completely disappear, whereas 4,6-DMDBT and the heavier molecular alkyldibenzothiophenes are still present 2),7), 8) . Fundamental studies have been carried out to characterize the sulfur compounds most refractory to ultradeep HDS and to better understand why these sulfur species are the most difficult to desulfurize. These species are mainly dibenzothiophenes with alkyl groups near the sulfur atom (fourth and sixth positions) 9) . The positions of the two-alkyl groups next to the sulfur atom hinder access to the active sites on the catalyst and prevent adsorption of the sulfur species onto the active sites in the correct confi guration for HDS reaction.
HDS reactions of 4,6-DMDBT include various pathways ( Fig. 5) : direct hydrodesulfurization (DDS), which leads to the formation of biphenyls; pre-hydrogenation (HYD) yielding tetrahydro-and hexahydrointermediates followed by HDS to cyclohexylbenzenes and bicyclohexyls; and isomerization, transalkylation and cracking of alkyl groups yielding sulfur species, which are easy to desulfurize 10) . For example, our previous studies 11),12) showed that the addition of a small amount of HY zeolite to Al2O3 increases the HDS activity by 1.2 times compared with the Al2O3 supported CoMo catalyst (Fig. 6) . Acidic zeolite facilitates isomerization of alkylated DBT, resulting in enhanced HDS activity of refractory sulfur compounds 13) . However, tripling of the activity compared with a conventional catalyst is necessary to meet the stricter legislation on sulfur with existing diesel hydrotreaters. Unfortunately the production of ULSD cannot be achieved by only addition of solid acids such as zeolites into the HDS catalysts.
Removal of sulfur from refractory sulfur compounds, such as 4,6-DMDBT, generally occur through the prehydrogenation route 14) 16) as shown in Fig. 5 . The sterically hindered carbon _ sulfur bond is easier to break if one of the aromatic rings is fi rst hydrogenated. Hydroge nating the ring changes the molecule s spatial confi guration and makes the sulfur atom more accessible to the catalytically active sites. After one of the aromatic rings is pre-hydrogenated, the sulfur atom can be removed via hydrogenolysis of the carbon _ sulfur bond. Prehydrogenation leads to increased activity via increased accessibility to the HDS active sites. The most effective method for removing the refractory sulfur compounds will provide an environment that promotes the pre-hydrogenation reaction mechanism.
Therefore, ultra-deep HDS requires signifi cantly increased active site density and improved intrinsic catalytic activity per active site, that is to say, accelerated pre-hydrogenation activity of one of the aromatic rings of the refractory sulfur compounds, compared to con- ventional catalysts.
Structure of Active Sites for Ultra-deep HDS Catalyst
The most common industrial HDS catalysts are CoMo/Al2O3 and NiMo/Al2O3. CoMo/Al2O3 shows higher HDS activity than NiMo/Al2O3 under low to moderate pressure hydrotreater operating conditions, so CoMo/Al2O3 is generally used for diesel hydrotreating. HDS catalysts are generally prepared by pore-volume impregnation of an Al2O3 support with an aqueous solution containing Co and Mo salts. Prior to the HDS reactions, these oxidic catalysts are converted into catalytically active sulfi des by presulfi dation in the hydrotreater with SRLGO under normal hydrotreating conditions.
Modern characterization techniques for catalysts have revealed many details of the active sites. A profound review of the active sites of HDS was published by Topsøe et al. 17) . In CoMo HDS catalysts, the socalled Co _ Mo _ S phase, which consists of sulfided Co atoms located at the edges and corners of the MoS2 slabs 18) , is now generally accepted as the active site. The density of the Co _ Mo _ S phases on the catalyst directly infl uences the catalytic activity 19) . Recently, the surface of the ultimate HDS catalyst has been shown to include the edges and corners of MoS2 slabs completely covered by the Co _ Mo _ S phases 20) 23) . The MoS2 phase on the catalysts is also important to the HDS activity. In the ultra-deep HDS region, only large molecular alkyldibenzothiophenes persist with alkyl groups near the sulfur atom (fourth and sixth positions), as shown in Fig. 4 . Removal of these refractory sulfur compounds effectively requires a function for converting the sulfur compounds to sulfur compounds that are easy to desulfurize.
The top layer of multi-stack MoS2 structures containing Co _ Mo _ S Type II 24) is the key location in the promotion of the pre-hydrogenation reaction of one of the aromatic rings of the refractory sulfur compounds 25),26) . Furthermore, Co _ Mo _ S Type II, which is located at the edges of the multi-layers of MoS2, is much more accessible to large molecules than Co _ Mo _ S Type I, which is located at the edges of the single layer of MoS2 26) 28) . Therefore, effective methods to form high density Co _ Mo _ S Type II on the catalyst are necessary.
Trends in the Development of Highly Active HDS Catalysts
Signifi cant improvements in HDS activity can be obtained by the use of additives like phosphorus, fl uorine or chelating agents in the impregnation solution during the preparation of the HDS catalyst. The addition of . Chelating agents form Ni or Co complexes, which decompose at a rate depending on the sulfi ding temperature, so allowing adjustment of the timing of the interaction of Co ions with the MoS2-like structure, resulting in synergy between Mo and Co 32) 38) . Many researchers 41) have already reported that phosphorus has the benefi cial effects of improving the solubility of metal salts and increasing the stability of the impregnation solution, which facilitate catalyst preparation. Phosphorus also improves the catalytic properties by promoting the formation of the Co _ Mo _ S Type II phase 42) 48) . Investigation of the additional effect of phosphorus by high-resolution TEM concluded that, if phosphorus is present in the impregnation solution during the catalyst preparation, then the number of MoS2 stacks increases while the lateral length of MoS2 decreases 42), 43) . Another investigation of the structure and dispersion of the sulfided phases of phosphoruscontaining Mo/Al2O3 catalysts by FT-IR (Fourier transform infrared spectroscopy) of adsorbed NO and XPS indicated that the role of phosphorus in Mo/Al2O3 catalysts is primarily to facilitate reduction and high sulfidation of Mo, avoiding the strong interaction of the Mo with Al2O3 surface, and to favor the formation of layered MoS2 with moderate size 44) , 45) . The presence of phosphorus in the impregnation solution results in partial formation of Ni _ Mo _ S Type II upon sulfi dation; so P itself does not have a direct effect in HDS reactions, but does influence the HDN performance, mainly through increasing the catalyst affi nity for quinoline 46) , 47) . Highly active HDS catalysts may be prepared if a chelating agent and an appropriate concentration of phosphorus are added to the aqueous impregnation solution including Co and Mo, and used to impregnate the Al2O3 support. However, no HDS catalyst containing both chelating agent and phosphorus has yet been commercialized 49) . On the other hand, investigation of the additional effect of triethylene glycol, which is not a chelating agent, and phosphorus to the CoMo HDS catalyst concluded that triethylene glycol did not show strong interaction between cobalt, and there was no such effect as seen with chelating agents 50), 51) , as previously suggested 30) 32),34) 36) .
Novel Catalyst Preparation Technology

1. Effect of Phosphorus and Carboxylic Acid
General chelating agents, such as NTA, EDTA and CyDTA, are expensive, and economically less attractive for industrial use. Furthermore, during presulfiding (activation) of HDS catalysts, these agents decompose into noxious nitrogen-containing gases. Therefore, catalysts with chelating agents have not been commercialized yet. In our catalyst preparation method, inexpensive and harmless carboxylic acid, which easily forms stable complexes with transition metal ions (Co and Ni) was selected as the chelating agent.
The catalysts were prepared by wet incipient porevolume coimpregnation using an aqueous solution containing the required amounts of CoCO3, MoO3, orthophosphoric acid and carboxylic acid on a support consisting of HY (ca. 5 mass )-containing Al2O3 52) . After impregnation, the sample was only air-dried without calcination.
The HDS activity of the CoMo/HY _ Al2O3 catalysts containing phosphorus and carboxylic acid using SRLGO (S: 1.37 mass ) is presented in Fig. 7 as a function of the P/Mo ratio. The HDS activities increased with the P/Mo molar ratio due to the promoting effect of P, reached a maximum around P/Mo molar ratio 0.1, and then decreased at higher P/Mo ratios. The P/Mo molar ratio was fi xed at 0.1 for the remaining experiments. Addition of a small amount of phosphorus enhanced the HDS activity significantly even for uncalcined catalyst. The HDS activities of CoMoP/ HY _ Al2O3 catalysts with and without carboxylic acid addition with the SRLGO feedstock (S: 1.37 mass ) are shown in Table 3 . The CoMo/HY _ Al2O3 catalyst with carboxylic acid was about 2 times more active than the catalyst without carboxylic acid. Chelating agents such as CyDTA form a Co complex, which decomposes at a rate depending on sulfi ding temperature, and so adjusts the timing when Co ions interact with the MoS2 like structure, leading the intrinsic synergy between Mo and Co 30) 32) . Because carboxylic acid forms a stable complex with Co, addition of carboxylic acid to the impregnation solution during a catalyst preparation probably resulted in the formation of Co-complex and prevented the sulfi dation of Co at low temperature, thereby increasing the formation of the Co _ Mo _ S phase 53) .
2. Effect of Total Metal Loading
The HDS rate constants were investigated as a function of the total metal loading of CoMo/HY _ Al2O3 with phosphorus and carboxylic acid to investigate the effect of the metal, Co and Mo, loading on the HDS activity 52) . For all catalysts, the carboxylic acid to Co molar ratio and the Co/Mo molar ratio were held constant as the total metal concentration was varied. The activity measurements were carried out with the SRLGO feedstock (S: 1.33 mass ). The rate constants for the catalysts are shown in Fig. 8 . The HDS activity increased up to a maximum at about 20 mass total metal loading and decreased with a further increase in the metal loading. The CoMoP/HY _ Al2O3 catalyst with carboxylic acid was about three times more active than the conventional CoMoP/Al2O3 catalyst.
3. Production of Catalysts on a Commercial
Scale Therefore, a new highly active HDS catalyst on a laboratory scale was successfully developed. However, to introduce the developed catalysts into practical use required a manufacturing technique on the commercial scale. Thus, the preparation specifi cations of commercial-scale manufacture catalysts for the physical and chemical properties of the laboratory-scale catalysts were determined in detail as a reference. Based on this specification, we carried out commercial-scale trials using the standard catalyst production facility of a catalyst manufacturer 52) . Commercial-scale trials were carried out using two different types of catalysts: low metal content catalyst (ca. 13 mass Mo), which enables the production of diesel fuel of 50-ppm sulfur, and high metal content catalyst (ca. 15 mass Mo), which enables the production of diesel fuel 10-ppm sulfur. The activity measurements were carried out with the SRLGO feedstock under the conditions of 1.5 h −1 LHSV, 4.9 MPa of H2, and 200 m 3 (normal)/kl of H2/oil at 340 C. As shown in Table 4 , the commercial-scale product showed the same activity as the laboratory-trial product. Based on the data from the commercial-scale trials, we could confi rm the reproducibility of catalyst production. We designated the low metal content catalyst (ca. 13 mass Mo) as C-605A and the high metal content catalyst (ca. 15 mass Mo) as C-606A. C-605A and C-606A are now Cosmo Oil s ultra-deep HDS catalysts for practical use, and the properties are shown in Table 5 .
Catalyst Performance
The HDS activities of the developed CoMoP/ HY _ Al2O3 catalysts, C-605A and C-606A, and the conventional CoMoP/Al2O3 were compared using SRLGO feedstock under the conditions of 1.5 h −1 LHSV, 4.9 MPa of H2, and 200 m 3 (normal)/kl of H l of H l 2/oil 6),51) . This conventional CoMoP/Al2O3 catalyst is the same as the commercial deep HDS catalysts for the production of low sulfur diesel ( 500-ppm) fuels.
Figure 9 6) shows that the activities of the developed catalysts are much higher than that of the conventional catalyst. Apparently, ultra-deep HDS to sulfur contents of 50 ppm or below can be easily attained with the developed catalysts under the same conditions used for conventional gas oil hydrotreating. The HDS rate constants of C-605A and C-606A were about twice and three times higher than that of the conventional cata- lyst, respectively. The HDN activity of C-606A is signifi cantly higher than that of the conventional catalyst as shown in Fig. 10 6) . The results for C-606A confirmed that nitrogen organic compounds were almost completely removed from the low temperature region. Several studies of HDN reactions of nitrogen heterocyclic compounds have shown that the major pathway involves hydrogenation of the N-ring, scission of the C _ N bond, forming an amine intermediate, and hydrogenolysis of the amine to hydrocarbons and ammonia 17), 54) . That is to say, the reaction pathway proceeding via hydrogenation and scission of the C _ N bond is much more important than direct N abstraction.
Ultra-deep HDS requires effective removal of refractory sulfur compounds such as 4,6-DMDBT. The retarding effect of methyl substituents on the 4-and 6-positions of DBT on the HDS rates can be attributed to the steric hindrance in the C _ S scission of DBT adsorbed on the HDS active sites 55) or the direct steric hindrance of DBT adsorption on the HDS active sites 56) . In this respect, the ultra deep HDS reaction pathway is very similar to the HDN reaction pathway, where prehydrogenation precedes hydrogenolysis. C-606A has e x c e l l e n t H D S a n d H D N a c t i v i t i e s , s o C -606A presumably has active sites for both direct HDS and pre-hydrogenation for alleviating the steric hindrance of refractory sulfur compounds. Nitrogen organic compounds present in the feed significantly inhibit HDS reactions. Therefore, the high HDN activity of the developed catalysts results in a remarkable change in HDS activity.
The results of the catalyst performance and characterization clearly indicate that signifi cant improvements of catalytic activity of the developed catalysts can be achieved by increasing the number of Co _ Mo _ S phases, as well as by increasing the intrinsic activity of the active sites.
Long-term Stability Test in a Pilot Plant
Catalytic stability is as important as catalytic activity. Practical use of the developed catalysts in the commercial diesel hydrotreater requires maintenance of fixed catalyst life. The long-term stability test of ultra-deep HDS of C-606A was carried out with SRLGO feedstock under the conditions of 1. for maintaining 10-ppm sulfur in the product, which is about 30 C lower for C-606A than for the conventional CoMoP/Al2O3 catalyst. C-606A enabled HDS of the diesel fuel to an ultralow sulfur level at reasonable temperatures and underwent no significant deactivation. On the other hand, the higher reaction temperature required for 10-ppm sulfur using the conventional CoMoP/Al2O3 resulted in very remarkable catalytic deactivation by coke formation. As a result, in addition to high start-of-run activity, C-606A also exhibited high stability.
A very important advantage of the developed catalyst is the economical use of H2. Production of ULSD with the developed catalysts can operate at a reaction temperature that is lower than that required by a conventional catalyst, so the hydrogen consumption is reduced. Production of ULSD using conventional catalyst under the operating conditions of the hydrotreater corresponding to 500-ppm sulfur diesel requires a high reaction temperature. In the high temperature region, hydrogenolysis of SRLGO occurs in addition to HDS and aromatic hydrogenation, which significantly increases hydrogen consumption.
In the region of ultra-low sulfur levels, almost all polyaromatic compounds are hydrogenated to single ring aromatic compounds. The amount of hydrogen consumption by aromatic hydrogenation is almost the same with any catalyst. Also, since the amount of nitrogen is very small, this hardly affects the hydrogen consumption. Therefore, high hydrogen consumption probably results from the occurrence of the hydrogenolysis reaction in the presence of the conventional catalyst. In fact, naphtha is generated in larger quantities when a conventional catalyst is used.
Catalyst Characterization
1. Transmission Electron Microscopy (TEM)
Observations TEM was used to investigate the characteristics of the active sites on C-605A, C-606A and the conventional CoMoP/Al2O3 catalyst 6), 53) . Figure 12 shows TEM micrographs of the sulfided catalysts. C-605A and C-606A have multiple layers of MoS2 slabs, with more than two observed layers, with the lateral slab length being slightly smaller (ca. 3 nm) than the conventional catalyst. This is probably due to the lower . These layers of MoS2, which are formed on the support, not only increase the contact efficiency of the reactants but also contain active sites, that is, the Co _ Mo _ S phase 27), 28) . Furthermore, the conventional catalyst has fewer than two such laminating layers on average, so has a larger proportion of the lower activity Type I sites of the Co _ Mo _ S phase. Addition of phosphorus to calcined Ni(Co)MoP/Al2O3 catalysts may increase the number of stacks of the MoS2 crystallites 42) 47) . However, C-605A and C-606A showed much higher stacking of MoS2 crystallites than the conventional CoMoP/Al2O3 catalyst. C-605A and C-606A containing phosphorus, which is uncalcined before sulfi dation, have much higher stacking of the MoS2 crystallites than the conventional catalyst containing phosphorus, which is calcined before sulfidation. By not calcining, the interaction between the Mo and the Al2O3 support is weaker, so the stacking of MoS2 progresses further.
2. X-Ray Absorption Fine Structure (XAFS)
Measurements The TEM results showed that C-605A and C-606A have multiple layers of MoS2 slabs. However, TEM has some problems as an investigative method, as fi ne crystal, which is not fully grown, is not easily visualized and the entire sample is diffi cult to observe since the observation domain is very small. Therefore, Mo K-edge EXAFS measurements of C-605A and the conventional CoMoP/Al2O3 catalyst were carried out 53) . Structural parameters of the coordination number and Debye-Waller factor obtained by the curve-fitting technique are shown in Table 6 . C-605A was characterized by higher Mo _ Mo and Mo _ S coordination numbers and a lower Debye-Waller factor 57) 59) for the Mo _ Mo shell than those of the conventional CoMoP/Al2O3. This is consistent with the MoS2 structure of C-605A having higher crystallinity than that of the conventional CoMoP/Al2O3.
The TEM results and Mo K-edge EXAFS analysis suggested that MoS2 on C-605A has a higher stacking structure than that of the conventional catalyst.
3. X-Ray Photoelectron Spectroscopy (XPS)
Measurements The sulfiding behavior of Mo on the catalyst was investigated by in-situ XPS 6) . Since Mo species on C-606A had only weak interaction with the Al2O3 support, the sulfi dation degree was larger compared with the conventional catalyst.
4. FT-IR Measurements of Adsorbed NO
To investigate the dispersion of the Co _ Mo _ S phases, FT-IR experiments analyzing the adsorption of NO on the catalysts sulfided at 400 C were carried out. FT-IR measurement of adsorbed NO is the one of the most powerful methods to characterize HDS catalysts 60) 62) . Figure 13 shows the IR spectra of NO adsorbed on the sulfided catalysts. The NO adsorption spectrum showed three bands at 1840, 1800, and 1700 cm −1 . NO was mainly adsorbed as a dinitrosyl complex. These bands have been assigned to two sets of overlapping doublets, where the higher-frequency band was assigned to NO bonded to Co, the lower-frequency band to NO bonded to Mo, and the mid-frequency band consists of overlap of both 63) . Compared with the conventional CoMoP/Al2O3 catalyst, C-605A and C-606A showed strong intensity of the Co-associated symmetric NO vibration (1840 cm ). This indicates that the edges of MoS2 on C-605A and C-606A are likely to be occupied to a great extent by the Co _ Mo _ S phases, as suggested by the increased HDS activity.
5. Evaluation of Potential Maximum Activity
FT-IR measurements of adsorbed NO are useful for characterizing the catalytically active sites of HDS catalysts. However, adsorption of NO on inactive Co sites such as C9S8 and Co trapped in the Al2O3 hinders the accurate measurement of the catalytically active sites. Another method to evaluate the maximum potential HDS activity of CoMo/Al2O3 catalysts has been proposed based on the use of Co(CO)3NO 20) 23) . By using this technique, we can correctly obtain the maximum potential HDS activity and the coverage of Co atoms on the edges of MoS2 crystallites. Table 8 shows the activity of four model Al2O3 supported catalysts avoiding the effect of the HY zeolite, which were treated or not treated by the CVD technique 64) . Uncalcined CoMoP/Al2O3 with carboxylic acid showed the highest activity. On the other hand, calcined CoMoP/Al2O3 without carboxylic acid had the lowest activity. The activity of uncalcined CoMoP/ Al2O3 with carboxylic acid was not increased by CVDCo treatment. Therefore, the edges of MoS2 on the uncalcined CoMoP/Al2O3 with carboxylic acid were mainly occupied by the Co _ Mo _ S phase. These results indicated that the Co _ Mo _ S phase was selectively formed by the new catalyst preparation method, which includes carboxylic acid addition and no calcination.
6. Characteristics of C-605A and C-606A
The rim-edge model suggests that the rim sites (edges of the outermost layers) of MoS2 crystallites are active for both hydrogenation and direct HDS, whereas the edge sites (edges of interior layers) are responsible only for direct HDS 26) . A similar structure-reactivity relationship was also proposed for supported MoS2 crystallites 65) . Our new catalyst preparation method can increase the formation of the Co _ Mo _ S phase and provide a more highly active Co _ Mo _ S Type II, which is located at the edges of the MoS2 multi-layers. Assuming that Co _ Mo _ S Type II is the same as the rim-edge model, the rim site is responsible for the pre-hydrogenation of refractory sulfur compounds and the edge site is responsible for the direct hydrodesulfurization of refractory sulfur compounds, of which one of the aromatic rings is hydrogenated. Recently, a new catalytically active structure has been proposed of brim sites 66),67) , a new type of site with metallic character, which is important for hydrogenation and located on the top of the MoS2 slabs close to the edges. Because the HDN activity is extremely high, the catalytically active sites of our developed catalysts might also have HDS active sites that look like brim sites.
Commercial Operation
In general, the commercial value of a newly developed catalyst can only be established through practical use in a commercial unit. The commercial application of C-605A was started in a commercial diesel hydrotreater (official capacity: 40,000 barrels/day), which was constructed in 1980, at the Cosmo Oil Sakaide refi nery in early August 2003 52) . For the fi rst year, this hydrotreater produced diesel with a maximum of 50 ppm of sulfur, and then produced diesel with a maximum of 10 ppm of sulfur consistently. The operation with C-605A confi rmed the expectations of high stability of this catalyst during the entire operation for two years.
The commercial application of C-606A began in a diesel hydrotreater (official capacity: 45,000 barrels/ day), which was constructed in 1994 and designed to produce 500-ppm sulfur diesel, at the Cosmo Oil Chiba refinery in mid June 2004 6),52) . About two months after the start-up, the acceptance test run was carried out. The HDS test runs of C-606A in the ultra low sulfur region were carried out to investigate the correlation of catalyst performance between the pilot plant and commercial diesel hydrotreater at the Cosmo Oil Chiba refinery 52) . The activity measurements were carried out with the same SRLGO feedstock under the same operating conditions. The amounts of sulfur in product treated with both units under the same operating conditions are indicated in Fig. 14 . The commercial performance results fully agree with the results of the pilot plant tests. Table 9 shows the properties of the feedstock and products. Both products were taken when the reactions were carried out under the same conditions. The various characteristics of the com- mercial operation approximately agreed with the pilot plant results. The normalized weight average bed temperatures (WABTs) of the commercial diesel hydrotreater at the Cosmo Oil Chiba refi nery for 50-ppm and 10-ppm sulfur in the product are presented in Fig. 15 6) . The feedstocks were SRLGO with sulfur of 0.8-2.0 mass , sometimes blending residue fluid catalytic cracking (RFCC) derived light cycle oil contents of 20 vol and residue direct desulfurization (RDS) derived light gas oil contents of 20 vol . After 5 months, operations to produce diesel with maximum 50-ppm sulfur of this hydrotreater produced diesel with maximum 10-ppm sulfur. The operation with C-606A confi rmed the expectations of high stability of this catalyst. Commercial operation frequently requires changes in the feed quality and the process conditions such as crude source, distillation property, feed sulfur content, product sulfur content, reaction temperature, LHSV, H2 pressure, and H2/oil ratio, so the precise catalytic activity is diffi cult to understand just by plotting commercial operating data. Therefore, as an index of the catalytic activity, the normalized WABTs were obtained by normalizing the commercial operation data to a set of standard feedstock and operating conditions. The prediction of catalyst deactivation during the commercial operation was calculated by a kinetic model of simultaneous equations based on the hypothesis that the decrease of active sites on the catalyst would be fi rst order.
The commercial performance is in line with the prediction obtained from our model 68) . Our model simulator has proven to very valuable to monitor and optimize commercial diesel hydrotreater operations.
This commercial operation directly demonstrates the excellent activity and stability of C-606A under industrial operating conditions. C-606A could industrially produce ULSD ( 10-ppm sulfur) fuels without modifying the existing moderate hydrogen partial pressure diesel hydrotreaters.
The use of C-606A avoids the need for additional reactor volume, saving capital investment in hardware while minimizing the effect on existing unit operations. Thus, Cosmo Oil Co., Ltd. now utilizes C-606A in all existing diesel hydrotreaters at the Cosmo Oil Chiba, Yokkaichi, Sakai, and Sakaide refineries. High catalyst performance has been demonstrated for all applications. Furthermore, the performance advantages provided by C-606A have led to four kerosene hydrotreater applications at the Cosmo Oil all refi neries to meet the requirements for 10-ppm sulfur levels.
Conclusion
A new catalyst preparation technology has resulted in the use of new highly active HDS catalysts in commercial diesel hydrotreaters. The new preparation method involves impregnation of the support with a 6) solution containing CoCO3, MoO3, carboxylic acid, and phosphoric acid, and drying (without calcination), to provide the high activity HDS catalysts, C-605A and C-606A. This catalyst preparation method presumably increases the formation of the Co _ Mo _ S phases and provides more highly active Co _ Mo _ S Type II, which is located at the edges of the MoS2 slabs. Longterm stability tests on straight-run light gas oils demonstrated the excellent stability of the developed catalysts.
C-606A has super high HDS activity, which achieves 10-ppm sulfur content in products using hydrotreaters designed to produce 500-ppm sulfur content diesel fuels without major reconstruction or other investment. The performance of C-606A was demonstrated in commercial diesel hydrotreaters before the supply of ultralow sulfur diesel began. Now, Cosmo Oil is using C-606A in all the diesel hydrotreaters of Cosmo Oil s refi neries.
Most Japanese refi ners voluntarily began the supply of 10-ppm sulfur diesel before January 2005, whereas the official legislation requiring 10-ppm sulfur content in diesel comes into effect in 2007. By having achieved a supply of ultra-low sulfur diesel fuel on a nationwide scale, the purification of diesel exhaust emissions will be advanced further and, from the viewpoint of control of global warming, clean diesel vehicles can be encouraged, which produce less CO2 than gasoline vehicles. Because Japan promptly began to provide ultra-low sulfur diesel fuel, the ultra-deep HDS technologies of Japan are attracting worldwide attention and are expected to contribute to international environmental improvements.
